Cell surface protein antigen (PAc) and glucosyltransferases (GTF) of Streptococcus mutans are major colonization factors of the organism. We prepared bovine milk containing antibodies against a fusion of the saliva-binding alanine-rich region of PAc with the glucan-binding domain of GTF-I. This study examined the effect of the immune milk on the cariogenicity of S. mutans in a rat model. Concentrated immune milk was fed to rats once a day for 55 days. The group that received immune milk had significantly less caries development than controls.
Streptococcus mutans has been strongly implicated as a cause of dental caries, a common human disease (22, 23) . Colonization of tooth surfaces by S. mutans is mediated by both sucroseindependent and sucrose-dependent mechanisms. The former involves interaction between a 190-kDa surface protein antigen (PAc) of S. mutans, which is variously designated as antigen I/II, B, IF, P1, SR, and MSL-1 (22) , and acquired pellicles formed on tooth surfaces (1, 10, 13) . The latter involves the synthesis of water-insoluble glucan from sucrose catalyzed by glucosyltransferases (GTF) (11) . Simultaneous inhibition of these colonization factors may result in the protection of tooth surfaces against dental caries. In previous studies, PAcA-GB, which is a fusion of the saliva-binding alanine-rich region (PAcA) of PAc and the glucan-binding (GB) domain of GTF-I, was constructed (29) and used to immunize Holstein cows (19) .
In this study, we examined the effects of immune milk containing antibodies to PAcA-GB on dental caries induction in specific-pathogen-free (SPF) rats infected with S. mutans.
Preparation of concentrated immune milk. Immune milk containing antibodies to PAcA-GB was prepared according to previously described methods (19) . In this study, we modified the immunization method and obtained immune milk which possesses approximately antibody titers 10 times higher than those obtained in a previous study (19) . Nonimmune milk was collected from a Holstein cow that had not received any injection of immunogen. After pasteurization at 65°C for 30 min, milk from each cow was defatted with a cream separator, concentrated by freeze-drying, and stored at 4°C until used. Approximately 17.7 kg of milk powder was obtained from 230 liters of pooled immune milk.
The concentrations of specific antibodies to recombinant PAc (rPAc) and GTF-I in milk were determined by enzymelinked immunosorbent assay as described by Oho et al. (19) using purified specific immunoglobulin G (IgG) antibodies to PAcA-GB as standards. rPAc was purified from culture supernatants of transformant S. mutans TK18 (10). GTF-I, which is encoded by gtfB, was purified from whole cells of transformant S. mutans UA130B ϩ (29) . Specific IgG antibodies were purified from pooled immune milk with a 5-ml HiTrap protein G column (Pharmacia, Uppsala, Sweden) as described previously (19) . Milk samples were prepared by dissolving powdered milk in distilled water (0.5 g/ml). The mean concentrations of specific antibodies to rPAc and GTF-I in the reconstituted immune milk were 613.5 and 194.0 g/ml, respectively. The mean concentrations of specific antibodies to rPAc and GTF-I in the reconstituted nonimmune milk were 6.5 and 8.0 g/ml, respectively.
Dental caries experiment in rats. S. mutans MT8148R was used as a representative strain of S. mutans serotype c, which was made resistant to streptomycin (4). Thirty SPF SpragueDawley rats (male, 15 days of age; Seac Yoshitomi, Fukuoka, Japan) were divided randomly into three groups of 10 rats each. These rats were treated with tetracycline (4 mg/g of powdered diet CE-2; CLEA, Osaka, Japan) and penicillin G (4,000 U/ml of water) to enable the inoculated organisms to establish themselves in the oral cavity. All the rats (19 days old) were infected daily for 5 consecutive days with 0.1 ml of a cell suspension containing 6 ϫ 10 9 CFU of S. mutans MT8148R and provided with powdered caries-inducing diet (diet 2000; CLEA), which contained 56% sucrose (9) . During the experimental period, rats in the control group received only distilled water, and each rat in the experimental groups received 200 l (from day 1 to 21) or 400 l (from day 22 to 55) of reconstituted nonimmune or immune milk (0.5 g of milk powder dissolved in 1 ml of distilled water) from a micropipette once a day until the end of the experiment (Fig. 1) . In a preliminary experiment, we determined the milk volume required to fill the oral cavity of rats, enabling teeth to make contact with the milk as thoroughly as possible, and these doses were chosen. The dose was doubled on day 22 following the growth of rats. An oral swab was taken from individual rats at weekly intervals, which permitted semiquantitative microbiological examination (20) . At the end of the experiment (73 days of age), the rats were sacrificed and the mandibles were removed aseptically. The jaws were immersed in 5 ml of phosphate-buffered saline and ultrasonicated for 20 s to disperse the dental plaque on the tooth surface. The suspensions were decimally diluted with sterile phosphate-buffered saline and streaked on mitis salivarius agar plates containing 500 g of streptomycin per ml. The caries induced in the 12 molar teeth on both maxilla and mandibles were scored by the method of Keyes (8) . These experiments were performed according to the guidelines for animal experiments of the Faculty of Dental Science, Kyushu University, and the Law (no. 105) and Notification (no. 6) of the Japanese Government.
The caries scores of each group are shown in Table 1 . The group that received immune milk had a significant reduction in caries development compared to the control group. However, there were no significant differences between the two groups in the recovery of S. mutans MT8148R from the mandibles at the end of the experiment (Table 1) or from the oral swabs during the experimental period (data not shown). The mean caries scores of individual teeth in the group that received immune milk were lower than those in the control group (Fig. 2) . The differences in caries scores were significant for 4 of 12 molar teeth in this experiment. However, there were no significant differences between the control and nonimmune-milk groups.
Active immunization of experimental animals with cell surface polymers of S. mutans, such as PAc (I/II, B, or SR), GTF, and serotype-specific carbohydrate antigen, provides protection against dental caries (14, 15, 26) . However, it may be impractical to introduce active immunization in humans to prevent dental caries because a vaccine targeting a nonlethal disease, such as dental caries, must be safer than vaccines developed for life-threatening infections (3). Therefore, passive immunization for the prevention of dental caries has received much attention (3, 5, 25) , and monoclonal antibodies (17) , chicken egg yolk antibodies (6, 24) , bovine milk antibodies (2, 16) , and synthetic peptide (7) have been used. In those experiments, IgG, chicken egg yolk IgY, and synthetic peptides were purified and applied directly to the oral cavity or applied as a mixture with diet and drinking water. Bovine milk has several advantages for use in humans as a means of passive immunization, because it is a common food that is easily delivered to the oral cavity and it is produced on a large scale at low cost. For the delivery of milk to the oral cavity, one can rinse with milk or apply powdered milk with a toothbrush. In this study, we prepared concentrated milk powder after freezedrying immune milk, and rat dental caries was significantly inhibited by the application of reconstituted immune milk once a day. Powdered milk can be stored for a long period without any loss of antibody. After freeze-drying, almost no reductions in the antibody titers were observed compared with those in In this study, immune milk clearly suppressed caries development in a rat model. This is the first study to demonstrate the efficacy of passive immunization with bovine milk containing antibodies to PAcA-GB for protection against dental caries in vivo. This effect might be ascribed to the simultaneous inhibition of the virulence factors PAc and GTF-I of S. mutans. In the assessment of caries scores of individual teeth, we found that lower first and second molars were heavily decayed although other teeth were moderately affected. This result correlates well with the observations of Smith et al. (24) , although their procedures for passive immunization (e.g., the antibodies and immunization period used) differed from ours. These results might be due to the innate factors affecting caries susceptibility of individual teeth, such as the anatomical location or eruption period in the oral cavity. In the group that received nonimmune milk, the recovery of S. mutans at the end of the experiment was about three times higher than that in the control group, although the caries score of the nonimmunemilk group was approximately the same as that of the control group. Bovine milk has several components which possess cariostatic properties, such as caseins, immunoglobulins, lactoferrin, lactoperoxidase, and lysozyme (12, 18, 21, 27, 28) . The finding that caries development in the nonimmune-milk group was suppressed might be ascribed to the effects of such milk components.
In conclusion, we demonstrated a reduction in caries development in a rat model using bovine milk containing antibodies against the fusion protein PAcA-GB. This immune milk might be an effective tool for controlling dental caries in humans.
